INTRODUCTION
Angiotensin-converting enzyme (dipeptidyl carboxypeptidase; peptidyl-dipeptide hydrolase; EC 3.4.15.1) (ACE)' is a glycoprotein that catalyzes the conversion of angiotensin I to angiotensin II and the inactivation of bradykinin (1) . In several chronic human diseases, it is considered an important diagnostic and management tool (2) (3) (4) (5) (6) . In addition to being elevated in the serum of patients with Gaucher's disease (6) and leprosy (7), ACE is increased in the serum and granulomatous lesions of sarcoidosis and murine schistosomiasis (4, 7, 8) . Since ACE could be demonstrated only in peripheral epithelioid macrophages adjacent to lymphocytes within sarcoid granulomas, it was postulated that its production may be a lymphocyte-mediated immunological phenomenon (9) . It is unknown whether ACE has any direct physiologic significance in chronic inflammatory processes.
We have developed a murine model of chronic pulmonary inflammation (CPI) and splenomegaly induced by killed Bacille Calmette-Guerin (BCG). In the ' Abbreviations used in this paper: ACE, angiotensin-converting enzyme; B6, C57BL/6 mouse; CPI, chronic pulmonary inflammation.
The Journal of Clinical Investigation Volume 69 March 1982.651-657 lung, the inflammation is characterized by diffuse, interstitial, nonnecrotizing granulomas, histologically similar to those observed in sarcoidosis (10) . The inflammatory response to BCG is T cell-dependent (11) and strain-specific, i.e., C57BL/6 (B6) mice respond to BCG by developing a granulomatous inflammatory response whereas CBA mice form only a minimal, transient response. Nonspecific immunologic suppression of antigen-and mitogen-induced proliferation (12) , as well as suppression of delayed hypersensitivity (13) , are associated with the chronic response in B6 mice. Because of the histologic similarity of the response to BCG in B6 mice and that found in sarcoidosis, we measured serum and lung lavage ACE-like activity in B6 (high responder) mice, and compared them with levels found in CBA (low responder) and normal B6 mice. We also investigated the role of ACE in the pathogenesis of CPI and splenomegaly by using Captopril, a specific competitive ACE inhibitor.
In this study, ACE activity in mouse lung lavage correlated with the intensity of pulmonary granulomatous inflammation, and in vivo treatment with Captopril markedly suppressed the inflammatory response. Additional studies suggested that the doses of Captopril used were necessary to maintain sustained depression of ACE activity. Moreover, in vitro studies indicated that Captopril, even at high doses, did not reduce the mobility of or inhibit chemotactic activity for mouse macrophages. Thus, in addition to its value as an enzyme associated with granulomatous inflammation, ACE may also be involved in the pathogenesis of BCG-induced pulmonary granulomatous inflammation. Cell migration studies. To assess the effect of Captopril on the migration of macrophages, normal peritoneal macrophages were obtained from B6 mice and incubated with various concentrations of the drug in 10 vol of RPMI 1640 (Gibco Laboratories, Grand Island Biological Co., Grand Island, N. Y.) that contained 15% heat-inactivated fetal bovine serum, 1% L-glutamine, 25 mM HEPES buffer, and 0.5% gentamicin. The cell suspension was inoculated into 100-ml capillary tubes that were sealed at one end and centrifuged at 75 g for 5 min. The tubes were cut at the cell-liquid interface and placed into Mackaness-type chambers. The chambers were filled with the same tissue culture medium containing the appropriate concentration of Captopril and incubated at 37°C for 48 h. The area of migration was magnified~-10 times, traced onto paper, and measured with a planimeter.
METHODS
Chemotactic studies. To test the effect of Captopril on chemotactic activity for macrophages, supernatants from BCG-induced isolated pulmonary granulomas were used as a source of chemotactic activity,2 and normal B6 peritoneal macrophages were used as indicator cells. Peritoneal macrophages were suspended at a concentration of 2.3 X 106/ml in Gey's balanced salt solution containing 2% bovine serum albumin. Captopril was added at various concentrations to lung lavage fluid containing chemotactic activity. Chemotaxis was tested in a modified Boyden chamber using one 5-,um filter (Nuclepore Corp., Pleasanton, Calif.). Activity was quantified by counting the number of cells that migrated through the filter in 10 oil-immersion fields.
RESULTS
Kinetics of the induction of splenomegaly and CPI by killed BCG in B6 and CBA mice. The kinetics of splenomegaly and CPI in CBA and B6 mice are shown in Fig. 1 intensity of responses produced by B6 and CBA mice were similar. In CBA mice, this initial period was followed by a rapid diminution in the inflammatory response shown to be controlled by cyclophosphamidesensitive suppressor T cells (16) . In contrast, B6 mice continued to display increasing lung and spleen indices through days 35-42 and declined gradually. Since serum ACE levels are increased in several human diseases that are histologically similar to that found in BCG-induced inflammation, ACE activity was measured in the serum and lung lavage of mice.
ACE activity in the serum and lung lavage of CBA and B6 mice injected with killed BCG. The ACE activity in lung lavage and serum is depicted in Figs. 2 and 3. Serum ACE was measured on pooled serum samples in both B6 and CBA mice and expressed as ACE units per milliliter of serum. While serum ACE values for both strains were increased above initial levels during several intervals, no sustained increases were noted. The ACE in lung lavage was expressed as either ACE units per milliliter of lung lavage (Fig. 2) or as ACE units per milligram of protein (Fig. 3) . Using both techniques, there was only a transient increase in ACE activity in CBA mice peaking at day 7; levels returned to approximately initial values by day 14 and remained throughout the experimental period.3 The ACE levels in B6 mice also demonstrated a transient increase in ACE activity peaking at day 7, but after day 14 ACE levels increased until day 42 when they reached a plateau. In both CBA and B6 mice, ACE 3 In Fig. 3 (bottom) activity roughly followed the kinetic curve of the organ indices, indicating that the level of ACE activity was correlated with the intensity of inflammation in this system. The effect of Captopril on CPI and splenomegaly induced in mice. Since the preceding experiments indicated that levels of ACE activity in lung lavage correlated with the intensity of inflammation, experiments were performed to test the possibility that ACE is important in the inflammatory process. Captopril, Angiotensin-converting Enzyme and Granulomatous Inflammation LUNG a specific competitive inhibitor of ACE activity, was administered to BCG-treated B6 mice at doses and intervals shown in Fig. 4 . When Captopril (50 mg/kg) was given 2 d before and continued daily through day 21 after BCG treatment, there was a significant reduction in splenomegaly but not in the lung index (group 1). However, a higher dose of Captopril (150 mg/kg) using the same treatment schedule resulted in a significant reduction in both the spleen and lung index (group 2). In addition to inhibiting the BCGinduced inflammation, Captopril also suppressed an ongoing inflammatory response (groups 3 and 4). In these experiments, Captopril treatment was not initiated until 21 d after BCG treatment. Data in group 5 (Fig. 4) indicate the necessity for continued Captopril treatment to reduce BCG-induced inflammation since BCG-injected mice treated with the drug from 21 through 42 d after BCG and killed at day 63 were not significantly suppressed. These data were confirmed by histologic examination. The lungs of animals receiving BCG and saline contained numerous wellformed noncaseating granulomas associated with an extensive interstitial mononuclear cell infiltration (Fig.  5) . The inflammatory process in these mice involved >75% of the lung parenchyma. In contrast, the lungs of mice given Captopril (150 mg/kg) 2 mation compared with the saline-treated controls. Whereas spleens from saline-treated animals contained rare loosely-formed granulomas, such granulomas were absent from the spleens of Captopriltreated animals (data not shown).
The effect of Captopril on blood and lung fluid levels of ACE in normal or BCG-injected B6 mice.
Since it is possible that the effect of Captopril at the dose used was not restricted to its inhibitory activity on ACE, we performed additional experiments to determine the effect of a single intraperitoneal injection of either 50 or 150 mg/kg of Captopril on the blood and lung fluid levels of either normal B6 mice or mice that had been injected with 300 ,ug of BCG 28 d previously. Data in Fig. 6 show that Captopril at either 50 or 150 mg/kg reduced serum ACE in either normal or BCG-injected B6 mice, but that these values returned to preinjected levels or greater within 24 h (A and C). Most importantly, Captopril reduced ACE levels in lung fluids of mice previously treated with BCG (B). The dose of 150 mg/kg was more effective in maintaining a sustained depression of ACE activity. However, even with this higher dose, ACE activity in lung fluid began rising by 4 h and was '50% of the preinjection level by 24 h. Normal lung fluids contained only minimal levels of ACE (D). These data suggest that repeated treatments with Captopril are necessary to attain sustained depressions of ACE activity in the blood and lung fluid of either normal or BCG-inflamed mice. The effect of Captopril on the migration of mouse macrophages and on chemotactic activity. It is possible that Captopril modulated BCG-induced inflammation by some activity not related to its effect on ACE. We therefore tested the effect of the drug on the in vitro migration of mouse macrophages and on chemotactic activity produced by isolated granulomas from BCG-inflamed lungs. Doses as high as 625 jig/ml of Captopril did not significantly influence the migration of mouse peritoneal macrophages. If this is extrapolated to in vivo treatment (assuming even distribution of the drug in tissue), this dose is approximately four times greater than the highest dose given daily (150 mg/kg). In addition, doses as high as 500 jg/ml of Captopril did not affect the chemotactic activity produced by lung granulomas. Thus, these data suggest that the suppressive effect of Captopril on BCG-induced inflammation was not caused by an effect on the migration of macrophages or on chemotactic activity produced by pulmonary granulomas. of chronic granulomatous inflammation in mice. In this system, the development of inflammation in high responder mice is dependent upon T lymphocytes (11) for its full expression, whereas low responsiveness is due, at least partially, to a population of cyclophosphamide-sensitive suppressor T cells (16) . In addition, inflammation can be quantified by measuring increases in lung and spleen weight. The impetus for this study in mice was several reports indicating that serum levels of ACE are useful diagnostically and possibly prognostically as markers of granulomatous lung disease (2-6).
Although we found close correlation between the intensity of inflammation and ACE activity in lung lavage fluid, serum ACE activity did not correspond to the intensity of the inflammatory response in the lungs or spleen. In contrast to this study, serum ACE is reported to be a good diagnostic marker for sarcoidosis, a disease associated with granulomatous inflammation (4, 7) and to be elevated in murine schistosomiasis (8) . To our knowledge, parallel studies in humans on ACE activity in lung lavage and serum have not been reported.
Another important finding was that Captopril, a specific inhibitor of ACE, reduced the intensity of inflammation in both the spleen and lungs. Suppression occurred when the drug was given before and during the inflammatory response, as well as when administered after inflammation had already developed. However, it was necessary to continually treat with Captopril in order to reduce inflammation. Moreover, additional studies suggested that continued daily injections of Captopril were necessary to attain a sustained depression of ACE activity. Furthermore, the effect of the drug on BCG-induced inflammation was not explicable either because of an effect on macrophage mobility or on chemotactic activity. These data suggest that ACE plays a role in the mediation of BCGinduced chronic granulomatous inflammation, although we have not entirely ruled out the possibility that Captopril had other effects unrelated to its activity on ACE. In a recent study on murine schistosomiasis, Weinstock et al. (17) demonstrated that Captopril induced decreased ACE activity in liver granulomas in association with a reduction in granulomatous inflammation. Thus, ACE appears to play a role in two model systems of granulomatous inflammation. The mechanisms by which Captopril suppresses inflammation are not known at the present time but it may be through the kinin-prostaglandin pathway. In this regard, Schwartz et al. reported that the administration of Captopril to patients altered prostaglandin levels and suggested that these changes were associated with the hypotensive response (18) .
The possible relationship of immunologic events to ACE synthesis is not clear. However, Silverstein et al. (9) reported that ACE could be localized in epithelioid macrophages and giant cells of sarcoidosis patients around the periphery of granulomas where lymphocytes usually coexist. Epithelioid macrophages in the center of sarcoid granulomas and control nonsarcoid granulomas did not exhibit ACE activity. They suggested that ACE synthesis may be dependent upon interaction between lymphocytes and epithelioid macrophages. In addition, we have observed that normally high responders BCG-injected B6 mice that are deprived of T lymphocytes have lower levels of ACE in their lung fluids (11) . This suggests that T cells are necessary for the synthesis of ACE. This possibility is also suggested by in vitro studies reported by Friedland et al. (19) .
Continued studies in this animal model system may provide a better understanding of the molecular mechanisms of granulomatous inflammation and the role of ACE in this process.
